The present study was undertaken to examine the physical and physiological interaction of protein phosphatase 2B, calcineurin, with the ryanodine receptor (RyR) in rat cardiac tissue and neonatal cardiomyocytes. The presence of calcineurin, the RyR and FK506-binding protein (FKBP)12n6 in rat cardiac sarcoplasmic reticulum (SR) was identified by Western blot analysis. The possible interactions between calcineurin, the RyR and FKBP12n6 were further studied by co-immunoprecipitation using CHAPS-solubilized cardiac-membrane fractions (CSMFs) or SR preparations. Physical interactions between the RyR and calcineurin were found in the CSMF in the presence of added 100 µM Ca# + ; however, the interactions were interrupted in the presence of 20 mM EGTA, 1 µM rapamycin or 1 µM FK506, suggesting that the interaction is Ca# + -dependent, and is mediated by FKBP12n6. The Ca# + -dependent interaction between FKBP12n6 and the RyR was also found by co-immunoprecipitation. Effects of calcineurin inhibitors were tested on neonatal-rat-heart cardiomyocytes. Treatment of neonatal
INTRODUCTION
Calcineurin, a hetero-dimeric serine\threonine phosphatase, is known to have a variety of cellular functions in different types of cells [1, 2] . The function of calcineurin in T-cell activation has been clearly identified by the immunosuppressant drugs, cyclosporin A (CsA) and FK506. For example, upon binding of FK506 to its target proteins, FK506-binding protein (FKBP) and calcineurin, the phosphatase activity of calcineurin is sterically inhibited and phosphorylated calcineurin substrates are accumulated [3] . One of these substrates, nuclear factor of activated T-cells transcription factor (' NFAT '), in its phosphorylated form is unable to be translocated to the nucleus where it regulates the expression of interleukin-2, critical for T-cell activation [4] . Although the pharmacological actions of the immunophilins are readily explained by the above model, the physiological roles have remained to be solved despite their wide distribution and abundance in various tissues. Recent studies have shown evidence that FKBP12 and FKBP12n6 are associated with the ryanodine receptor (RyR) in skeletal and cardiac sarcoplasmic reticulum (SR) respectively [5] [6] [7] [8] .
In cardiac muscle, influx of extracellular Ca# + through the dihydropyridine receptor in sarcolemma causes further release of intracellular Ca# + from the SR through the RyR resulting in muscle contraction [9, 10] . The native RyR complex is composed of homo-tetramers of the 565-kDa protein, which is associated with FKBP12 in a 1 : 1 molar ratio [6] . When FKBP12 was Abbreviations used : AM, acetoxymethyl ester; CSMF, CHAPS-solubilized cardiac-membrane fraction; CsA, cyclosporin A; FS, final supernatant; FKBP, FK506-binding protein; Ins(1,4,5)P 3 R, Ins(1,4,5)P 3 receptor; KRB, Krebs-Ringer buffer; RyR, ryanodine receptor; SR, sarcoplasmic reticulum; SERCA2, sarco/endoplasmic-reticulum Ca 2 + -ATPase type 2; WH, whole homogenate; PSR, highly purified cardiac SR. 1 To whom correspondence should be addressed (e-mail dhkim!eunhasu.kjist.ac.kr).
cardiomyocytes with 20 µM deltamethrin, 10 µM cyclosporin A (CsA), or 10 µM FK506 led to Ca# + oscillations in originally quiescent cardiomyocytes. Preincubation of cardiomyocytes with 20 µM rapamycin which dissociates FKBP12n6 from the RyR, evoked Ca# + oscillations, probably due to the leakiness of the RyR. However, Ca# + oscillations by rapamycin were not further affected by 10 µM CsA or 10 µM deltamethrin, suggesting that only RyR-associated calcineurin could regulate the channel activities. In spontaneously Ca# + -oscillating cardiomyocytes, CsA or FK506 treatments increased the frequency of oscillations. In 10 µM ryanodine-treated cardiomyocytes, CsA failed to induce Ca# + oscillations. These data show evidence that calcineurin associated with the RyR could modulate Ca# + release in rat heart. dissociated from the RyR-FKBP12 complex by treatment with FK506 or rapamycin, the RyR became active at lower concentrations of caffeine [6, 11] or Ca# + [12, 13] , whereas a higher concentration of Mg# + was required for inactivation [13] . Evidence has also shown that calcineurin regulates the Ins(1,4,5)P $ receptor [Ins(1,4,5)P $ R]-mediated Ca# + release via modulation of the phosphorylation state of Ins(1,4,5)P $ R in rat brain microsomal preparations [14, 15] . Using calcineurin inhibitors and constitutively active calcineurin mutants, we have found that intracellular Ca# + -release through the Ins(1,4,5)P $ R is modulated by phosphatase activity of calcineurin in i o [16] . We also found that up-regulated calcineurin in CsA-treated rat heart could alter the functions of the cardiac RyR, although the underlying molecular mechanism has remained to be solved [17] . The present study was undertaken to investigate whether calcineurin interacts with the RyR in rat cardiac tissue and regulates Ca# + release in cultured cardiomyocytes. The present results show that calcineurin in cardiac SR interacts specifically with the RyR via FKBP12n6, and inhibition of endogenous calcineurin leads to substantial Ca# + oscillations in isolated cardiomyocytes.
MATERIALS AND METHODS

Materials
Sprague-Dawley rats weighing 150-200 g were used for this study. The antibodies used for the present study were obtained from the following companies : mouse monoclonal anti-(RyR type 2) and anti-[sarco\endoplasmic-reticulum Ca# + -ATPase type 2 (SERCA2)] antibodies were from Affinity Bioreagents (Golden, CO, U.S.A.) ; mouse monoclonal anti-calcineurin antibody was from Sigma Chemical Co. (St. Louis, MO, U.S.A.) ; goat polyclonal anti-calcineurin and anti-FKBP12 (C-terminal) antibodies were from Santa Cruz Biotechnology (Santa Cruz, CA, U.S.A.). Protein A-Sepharose was obtained from Pharmacia (Uppsala, Sweden). Rapamycin and cyclophilin were from Sigma Chemical Co. CsA, deltamethrin and FK506 were purchased from Calbiochem (La Jolla, CA, U.S.A.). Fluo-3 acetoxymethyl ester (AM) was obtained from Molecular Probes (Eugene, Oregon, U.S.A.). All other chemicals purchased from Sigma were of analytical grade.
Preparation of whole homogenate (WH) and SR
WH preparation was carried out according to the published procedure [18] . The rat cardiac SR was prepared as described previously [18] , with some modifications. Briefly, pieces of the excised heart were homogenized in 4 vol. of extraction buffer A containing 20 mM imidazole (pH 7n0), 0n3 M sucrose and 0n6 M KCl. The homogenate was diluted with 3 vol. of extraction buffer B containing 20 mM imidazole (pH 7n0) and 0n3 M sucrose, and centrifuged at 5500 g for 10 min. The supernatant was recentrifuged at 11 000 g for 20 min. The second supernatant was then centrifuged at 130 000 g for 30 min in a Beckman ultracentrifuge (XL-70 ; Beckman Instruments Inc. Spinco Division, Palo Alto, CA, U.S.A.). The resulting pellets were suspended in the final buffer containing 20 mM Mops (pH 6n8), 0n15 M KCl and 0n3 M sucrose with various protease inhibitors [18] . The final supernatant (FS) was also collected to conduct the present study.
Western blot analysis
Protein samples in SDS sample buffer [19] were run on SDS\ PAGE gels and the proteins on the gel were electrophoretically transferred to nitrocellulose membranes. The transferred proteins on the membranes were incubated with blocking solution containing 5 % (w\v) BSA and 0n1 % (v\v) Tween 20 in Trisbuffered saline, pH 7n6, for 2 h at 4 mC. After blocking, the membrane was treated with primary antibody overnight at 4 mC. The membrane was washed twice in Tris-buffered saline, pH 7n6, with 0n1 % (v\v) Tween 20, and incubated with alkaline phosphatase-conjugated goat anti-mouse IgG secondary antibody for 2 h at room temperature. The immunoreactive proteins were developed with Nitro Blue Tetrazolium. Band intensities on the nitrocellulose membranes were quantified by densitometry scanning.
Preparation of the CHAPS-solubilized cardiac-membrane fraction (CSMF)
Rat heart was homogenized in homogenization buffer containing 50 mM Tris (pH 7n4), 1 mM EDTA, 1 mM 2-mercaptoethanol, 0n1 mg\ml leupeptin, 1 mg\ml pepstatin and 0n1 mg\ml PMSF [14] . The homogenate was centrifuged at 45 000 g for 10 min and the pellets were resuspended in homogenization buffer without 2-mercaptoethanol. The resulting suspension was then solubilized in 1 % (v\v) CHAPS for 20 min and centrifuged at 45 000 g for 20 min. The supernatant contained the CSMF.
Co-immunoprecipitation
An aliquot of mouse monoclonal anti-RyR (1 µg,10 µl) or goat polyclonal anti-calcineurin (3 µg, 15 µl) was added to 300 µg (500 µl) of the CSMF and incubated for 4 h at 4 mC. Protein A-Sepharose was then used to precipitate the antibodies. The immunoprecipitates were washed sequentially with 1 % (v\v) CHAPS in PBS, 0n5 M NaCl in PBS and PBS. The immunoprecipitates with anti-RyR were subjected to Western blot analysis using anti-calcineurin or anti-RyR antibodies.
Primary cell culture
Primary culture of ventricular cardiomyocytes was conducted from 2-day-old neonatal rats by methods described previously [20] , with minor modifications. The ventricular tissue from 14 pups was transferred to a Petri dish and minced into small pieces in Krebs-Ringer buffer (KRB)-1 containing 1 mg\ml BSA, 2 mg\ml glucose and 100 units\ml penicillin\streptomycin in KRB basic solution (136 mM NaCl, 28n6 mM KCl, 1n9 mM NaHCO $ , 0n08 mM Na # HPO % , pH 7n4). Stepwise enzymic digestion in KRB-2 (100 units\ml collagenase, 10 mg\ml BSA, 2 mg\ml glucose and 100 units\ml penicillin\streptomycin in KRB) was performed at 37 mC for 10 min each under continuous mixing. The first tissue digest that consisted mainly of cell debris and mesenchymal cells was discarded. The two to five supernatants obtained after each 10 min digestion period were centrifuged for 5 min at 1000 g. The cell pellets were resuspended in 5 ml of KRB-3 (10 mg\ml BSA, 2 mg\ml glucose and 100 units\ml penicillin\streptomycin in KRB). The suspension was filtered through a 250 µm nylon filter into Dulbecco's modified Eagle's medium and the cells were concentrated by centrifugation for 10 min at 1000 g. The cells were resuspended in complete medium containing 8 % (w\v) horse serum, 5 % (w\v) fetal bovine serum and 100 units\ml penicillin\streptomycin in Dulbecco's modified Eagle's medium. For enrichment of cardiomyocytes, the cells were pre-plated on to a 100-mm dish for 1 h at 37 mC. The resultant suspension of cardiomyocytes was plated on to collagen-coated coverslips at a density of 10& cells\cm# and maintained at 37 mC in a humidified atmosphere containing 5 % (v\v) CO # ; the medium was replaced after 24 h. The majority of the cells were cardiomyocytes, as assessed by immunofluorescence with a monoclonal antibody specific to sarcomeric myosin (MF-20).
Immunofluorescence
To distinguish cardiomyocytes from non-cardiomyocytes, immunofluorescence cytochemistry with MF-20 was conducted as described previously [16] . Cardiomyocytes on coverslips were washed with PBS and fixed with 3n5 % (v\v) paraformaldehyde for 10 min. The cells were permeabilized with 0n1 % Triton X-100 in PBS for 5 min, washed with PBS and incubated with MF-20 for 40 min at room temperature. The cells were washed three times with PBS and then stained with rhodamine-isothiocyanateconjugated goat anti-mouse immunoglobulin for 40 min at room temperature. To stain nuclei, the coverslips were incubated with PBS containing bis-benzimide (Hoechst 33258 ; Sigma Chemical Co.) and washed twice with PBS alone. The coverslips were mounted and examined under a Leica DMRBE microscope equipped with a 63X PLAPO objective and a HBO 100 W mercury lamp (Leica, Heidelberg, Germany). Images were photographed with T-max 3200 ASA film (Kodak, Rochester, NY, U.S.A.).
Measurement of transient Ca 2 + -release by confocal microscopy
The free cytosolic Ca# + was monitored in primary cardiac-muscle cells using the fluorescent Ca# + indicator, fluo-3\AM, as described previously [21] . Briefly, cells grown on glass coverslips were loaded with 5 µM fluo-3\AM at 30 mC in Krebs-Ringer solution containing 140 mM NaCl, 5 mM KCl, 0n5 mM MgCl # , 5n5 mM Hepes, 10 mM glucose and 1n2 mM CaCl # , pH 7n4. After 60 min, cells were rinsed with the Krebs-Ringer solution, to remove unhydrolysed indicator, and transferred to a chamber where drugs were added, as indicated in Figure 5 . Deltamethrin (20 mM) and FK506 (2n4 mM) were dissolved in DMSO to make stock solutions. CsA was dissolved in ethanol to make a 16 mM stock solution. DMSO (0n1 %) or ethanol (0n06 %) at the highest final concentrations used had no effect on Ca# + release (results not shown). The experiments were performed using a laser scanning confocal microscope (Leica). Fluo-3 was excited with light at 488 nm and fluorescence was measured at 515 nm. Fluo-3 fluorescence was expressed as normalized increase in fluorescence compared with the resting level (F\Fo). The ratio of fluorescence, F\Fo, was produced by dividing the fluorescence intensity (F) of each pixel in the original fluorescence image by its intensity at the beginning of the images (defined as Fo), during the time when the cell was assumed to be in the resting state. Data analyses were performed using a workstation with Microsoft Windows NT software. After trial experiments, 10 µM CsA, 20 µM deltamethrin and 10 µM FK506 were found to be maximally effective in inducing Ca# + release in resting cardiomyocytes. To see the effects of calcineurin inhibitors on spontaneous Ca# + release, the same group of isolated single cardiomyocytes was scanned before and 10 min after the addition of the drugs. To examine the effect of CsA or deltamethrin Western blot analysis of proteins from rat cardiac WH, FS, SR and rabbitskeletal SR separated in a 15 % (w/v) polyacrylamide/SDS gel with the antibody raised against the C-terminus of FKBP12 of human origin, which could detect both isoforms. To distinguish the mobility of FKBP12 isoforms, gels were polymerized with excess N,N,N h,N htetramethylethylenediamine (' TEMED '), as described previously [7] . Note that both FKBP12 and FKBP12n6 isoforms exist in cardiac-tissue fractions, while only FKBP12 was detected in skeletal SR (SkSR).
on FKBP12n6-dissociated RyR, cardiomyocytes were pretreated with 20 µM rapamycin for 30 min before monitoring for spontaneous Ca# + oscillations (see Figures 6E and 6F ).
Miscellaneous
Ryanodine binding to WH, FS and SR was conducted as described previously [18] . Protein concentrations were determined using the Bio-Rad protein assay reagent (Bio-Rad, Hercules, CA, U.S.A.). The data are presented as meanspS.E.M. Statistical significance was evaluated with the Student's unpaired t test. P values 0n05 were considered significant. 
Figure 2 Association of calcineurin with the RyR in the CSMF
(A, B and C) The CSMF was treated with 100 µM Ca 2 + (lanes 1), 20 mM EGTA (lanes 2), 100 µM Ca 2 + plus 1 µM rapamycin (lanes 3) or 100 µM Ca 2 + plus 1 µM FK506 (lanes 4) for 4 h at 25 mC [14] , and subjected to immunoprecipitation with anti-RyR (A) or anti-calcineurin (anti-CaN ; B) antibodies. Detection of calcineurin (A and C) or RyR (B) bands was conducted by Western blot analysis with anti-calcineurin or anti-RyR antibodies respectively. As a negative control, anti-SERCA2 antibody was used to immunoprecipitate the CSMF sample in the presence of 100 µM 
RESULTS
Identification of calcineurin, FKBP12 and the RyR in rat cardiac SR
To examine whether calcineurin interacts with the RyR in cardiac SR, the presence of endogenous calcineurin in SR and in the cytosol of rat heart was first examined by Western blot analysis. Equal amounts (80 µg) of WH, SR and FS proteins were loaded on to and separated in 12 % (w\v) polyacrylamide\SDS gels. The Coomassie Blue-stained gel showed the profiles of the separated proteins in the three different samples ( Figure 1A) , whereas the Western blot result showed the presence of calcineurin in all of the three samples ( Figure 1B) . The relative amount of calcineurin in the FS, as determined by densitometry scanning, was approx. 1n5-fold higher than that in the SR and 2-Regulation of the ryanodine receptor by calcineurin fold higher than that in WH. Since the total protein yield in the FS was much higher than in the SR (Table 1) , the total amount of calcineurin in the cytosol must be considerably larger than that in the SR [22] . In order to check whether calcineurin found in the SR was a simple contamination from the cytosolic calcineurin, SR vesicles were washed twice more by repeating the centrifugation steps (see the Materials and methods section), and Western blot analysis was conducted. Similar amounts of calcineurin were found in the washed SR (results not shown), indicating that calcineurin is tightly bound to SR membranes. In highly purified cardiac SR (PSR) prepared by sucrose-densitygradient centrifugation [23] , the presence of calcineurin was also observed ( Figure 1B , lane PSR) further confirming the association of calcineurin with the SR.
In light of the evidence that FKBP12 is associated with the RyR in heart [7, 8] , the presence of FKBP12 in the SR was examined by Western blot analysis with the antibody raised against the C-terminal domain of FKBP12. The results show that the rat cardiac SR contained both FKBP12 and FKBP12n6 immunoreactive bands, whereas in the rabbit skeletal SR, only the FKBP12 band was detected ( Figure 1C ).
The relative amounts of the RyR in the cardiac tissue fractions (WH, SR, FS) were also examined by Western blot analysis using anti-RyR antibody in 6 % (w\v) polyacrylamide gels. The RyR was present both in SR and WH, but was absent from the FS ( Figure 1D ). The relative amounts of the RyR in the three cardiac-tissue fractions were also examined by equilibrium [$H]-ryanodine binding (Table 1) . Consistent with the Western blot data ( Figure 1D ), the ryanodine-binding activity was enriched in the SR (1n434 pmol\mg of protein), while negligible amounts of ryanodine binding were observed in the FS (Table 1) .
Association of calcineurin with the RyR in the CSMF
To examine whether the interaction of calcineurin with the cardiac RyR is Ca# + -dependent, the CSMF was treated with 100 µM Ca# + or 20 mM EGTA for 4 h at 25 mC [14] . The RyR was then immunoprecipitated by the anti-RyR antibody and the presence of calcineurin in the immunoprecipitate was examined by Western blot analysis using anti-calcineurin antibody. Pretreatment of the CSMF with 100 µM Ca# + led to immunoprecipitation of calcineurin with the RyR antibody (Figure 2A , To confirm the above results, experiments were also conducted to immunoprecipitate calcineurin using the anti-calcineurin antibody and to examine the presence of the RyR by Western blot analysis using the RyR antibody ( Figure 2B) . Similarly, the RyR was co-immunoprecipitated with calcineurin using the anticalcineurin antibody when the CSMF was preincubated with 100 µM Ca# + (lane 1), but not with 20 mM EGTA (lane 2), 1 µM rapamycin (lane 3) or 1 µM FK506 (lane 4). As expected, calcineurin was present in all of the above samples ( Figure 2C,  lanes 1-4) . However, calcineurin or the RyR were not coimmunoprecipitated with anti-SERCA2 antibody (Figures 2A  and 2B , lane 5), further confirming that the calcineurin-RyR interaction is specific.
To examine the direct interaction between FKBP12n6 and the RyR, the CSMF was incubated with 100 µM Ca# + or 1 µM rapamycin for 4 h at 25 mC and then subjected to immunoprecipitation with anti-RyR antibody, as described above. In agreement with earlier reports [6] [7] [8] , FKBP12n6, but not FKBP12, was detected in the immunoprecipitate in the presence of Ca# + ( Figure 2D, lane 2) , while no bands were detected when the CSMF was treated with rapamayin ( Figure 2D, lane 3) . Treatment of the CSMF with 1 µM cyclosporin A\cyclophilin did not affect immunoprecipitation of FKBP12n6 by anti-RyR antibody (Figure 2, lane 5) . On the other hand, both FKBP12 and FKBP12n6 were detected when the CSMF was immunoprecipitated with anti-calcineurin antibody ( Figure 2D, lane 1) . Regulation of the ryanodine receptor by calcineurin
Figure 8 Effects of CsA on ryanodine-treated cardiomyocytes
Fluo-3/AM-loaded resting (A) and spontaneously Ca 2 + -oscillating (B) cardiomyocytes were transferred to the chamber of a confocal microscope and subjected to fluorescence monitoring, where 10 µM ryanodine was applied (left panels). During the presence of ryanodine for approx. 15 min, 10 µM cyclosporin A was applied at the times indicated (right panels). Each experiment was repeated three times with five cells in each experiment. The solid line indicates the continued presence of the chemicals in the chamber.
EGTA-dependent dissociation of calcineurin from SR vesicles
Using the CSMF, we found the specific interaction between calcineurin and the RyR (Figures 1 and 2) . We also examined whether treatment with EGTA dissociated endogenously associated calcineurin from SR vesicles. During the SR preparation (see the Materials and methods section), the 11 000 g supernatant was treated with 20 mM EGTA for 2 h at 25 mC before ultracentrifugation at 130 000 g. The pellets were washed and suspended, as described in the procedure. Equal amounts of protein (60 µg\lane) for control or EGTA-treated samples were run on a 12 % (w\v) polyacrylamide\SDS gel and the gel was either stained with Coomassie Blue (Figure 3A ) or subjected to Western blot analysis using anti-calcineurin antibody ( Figure  3B) . Calcineurin was present in the SR which was prepared in the presence of endogenous Ca# + (control), whereas no calcineurin band was present in the EGTA-treated SR. When the regular SR preparations were treated with EGTA and washed at 130 000 g, similar results were obtained (results not shown). These data show the Ca# + -dependent in i o association of calcineurin with SR. Furthermore, this simple procedure offers an easy way to prepare the calcineurin-devoid SR vesicles useful for the in itro study of calcineurin function in excitation-contraction coupling.
Effect of calcineurin inhibitors on transient Ca 2 + -release in cardiomyocytes
As shown in Figure 4 , most of the cells were stained by MF-20, indicating that 90 % of the cells were cardiomyocytes. To investigate the possible role of calcineurin in the regulation of the cardiac RyR, transient Ca# + -release in cardiomyocytes were examined in the absence or presence of calcineurin inhibitors by confocal microscopy. Figure 5(A) shows the basal level of fluorescence in fluo-3\AM-loaded non-beating cardiomyocytes. An application of 10 mM caffeine or 10 µM ryanodine to the cells resulted in a transient rise in fluorescence intensity indicating that Ca# + release was mediated by the RyR\Ca# + -release channels ( Figures 5B and 5C respectively) . On the other hand, treatment of cardiomyocytes with various calcineurin inhibitors, such as deltamethrin (20 µM), CsA (10 µM) and FK506 (10 µM) [24] [25] [26] , led to repetitive Ca# + oscillations ( Figures 6A-6C respectively) . Rapamycin (10 µM) failed to evoke Ca# + oscilliations as frequently as those observed in CsA-, deltamethrin-and FK506-treated non-beating cardiomyocytes ( Figure 6D ). An application of 10 mM caffeine evoked transient Ca# + -release in the same cells, indicating that SR was not completely depleted due to rapamycin treatment ( Figure 6D ). Rapamycin also failed to influence Ca# + oscillations induced by CsA when applied directly (results not shown). However, preincubation of cardiomyocytes with 20 µM rapamycin for approx. 30 min resulted in Ca# + oscillations ( Figures 6E and 6F) . It is interesting to note that CsA and deltamethrin did not show any additional effects on the frequency and magnitude of the Ca# + oscillations induced by 20 µM rapamycin (Figures 6E and 6F ). These data suggest that calcineurin associated with the RyR via FKBP12n6 inhibits Ca# + release in cardiac cells.
When cardiomyocytes were plated with high ( 80 %) confluency, some of the cells underwent beating, displaying Ca# + oscillations. To examine the effects of calcineurin inhibitors on Ca# + release in these cells, cardiomycocytes were stimulated by the application of 10 µM CsA or 10 µM FK506 (Figure 7 ). Figure  7 (A) shows that fluo-3\AM-loaded cardiomyocytes had irregular Ca# + oscillations. After CsA treatment, the irregular Ca# + peaks were more frequent and sustained. Figure 7 (B) shows that the infrequent Ca# + oscillations in cardiomyocytes became more frequent following FK506 treatment. It appears that in the cell culture conditions, the magnitude and the frequency of spontaneous oscillations vary, even among the control cardiomyocytes. According to our statistical analysis, the initial frequency of Ca# + oscillations (2n5p0n6 per 100 sec, n l 6) became 6n6p0n8 (n l 3) and 6n6p0n3 per 100 sec (n l 3), after CsA and FK506 treatments respectively. The application of 10 mM caffeine to the same cells 15 min after the addition of 10 µM CsA or 10 µM FK506 resulted in transient Ca# + -release (Figures 7A and 7B), with larger peaks indicating that Ca# + oscillations evoked by CsA\FK506 were mediated by the RyR\Ca# + -release channels.
To further examine that CsA-induced Ca# + oscillations originated from the RyR, fluo-3\AM-loaded cardiomyocytes were pre-treated with 10 µM ryanodine and 10 µM CsA was added to the chamber 15 min later. As shown in Figure 8 (A) ryanodine induced a transient Ca# + -release in cardiomyocytes and the following treatment with CsA failed to evoke Ca# + oscillations. Application of 10 µM ryanodine to spontaneously oscillating cardiomyocytes immediately caused a large transient Ca# + -release and suppressed further spontaneous Ca# + oscillations ( Figure 8B ), as described previously [27] . The addition of CsA (10 µM) to these cells did not evoke Ca# + oscillations ( Figure 8B ). These data indicate that the Ca# + oscillations triggered by CsA (Figures 6 and 7) originated from the RyR.
DISCUSSION
With the help of the immunosuppressant drugs, FK506 and CsA [3] , calcineurin is now known to be involved in the regulation of Ca# + -dependent transcription of a variety of genes essential for T-cell activation [28] [29] [30] [31] . The role of calcineurin has also been implicated in other Ca# + -regulated mechanisms, such as hippocampal long-term depression [32] and in the migration of neutrophils [33] . Studies in itro have suggested that calcineurin could be involved in the regulation of Ca# + -release channels [14] . Recently, we showed that the RyR in rat heart [17] and the Ins(1,4,5)P $ R in COS-7 cells [16] could be regulated by calcineurin through dephosphorylation of the Ca# + -release channels. The present study was undertaken to further investigate the physiological role of calcineurin in the regulation of the RyR\Ca# + -release channel and the molecular interaction between the proteins involved in the heart. The results from this study further show that calcineurin associated with Ca# + -release channels could be an important regulator of Ca# + release from the SR.
Using solubilized cardiac proteins, we demonstrated that calcineurin is specifically associated with the RyR (Figure 2) . The association of calcineurin and the RyR is affected by rapamycin or FK506, suggesting that calcineurin and the RyR in cardiac SR are anchored by FKBP12n6. The Ca# + -dependent interaction of calcineurin with the RyR is in agreement with the hypothesis that an increased level of cytosolic Ca# + causes activation and association of calcineurin with the RyR [15, 34] . However, in a recent report calcineurin was not co-purified with the RyR in solubilized cardiac proteins [35] . This discrepancy may be due to the absence of enough endogenous Ca# + in their experimental conditions. The FKBP12 antibody used in the present study detected both isoforms in the rat SR preparations ( Figure 1D ). According to a recent paper by Xin et al. [36] , FKBP12n6 binds to the cardiac-type RyR selectively, whereas both isoforms bind to the skeletal-type RyR. In the present study, we found that FKBP12n6, but not FKBP12, was immunoprecipitated with the RyR in rat cardiac SR ( Figure 2D ), whereas both FKBP isoforms were immunoprecipitated with calcineurin. It is interesting to note that in the presence of Ins(1,4,5)P $ R \RyR, FKBP12 can directly bind to calcineurin [14, 15, 34] . The presence of both FKBP12 isoforms in the calcineurin-immunoprecipitated samples ( Figure 2D ) could be due to the fact that the calcineurinbinding site is conserved for both FKBP12 and FKBP12n6. As shown in Figure 2(D) , it is likely that the major FKBP isoform involved in the interaction with calcineurin and the RyR in rat heart is FKBP12n6 [7, 8, 36] . On the other hand, lack of FKBP12n6 in rabbit-skeletal SR suggests that FKBP12 is the major isoform involved in the interaction with the skeletal RyR.
Several in itro studies have reported that dissociation of FKBP12 from the RyR by FK506 or rapamycin caused the Ca# + -release channels to be more leaky in the presence of Ca# + -release agonists [6, [11] [12] [13] 37] . In cardiomyocytes, FK506 and rapamycin caused Ca# + spikes more frequently compared with the untreated cells, presumably due to the removal of FKBP12 from the RyR tetramer [37, 38] . Our data also showed that FK506 ( Figure 6C ) or rapamycin ( Figures 6E and 6F) induced Ca# + oscilliations in cardiomyoctes. The occurrence of the repetitive Ca# + oscillations by FK506 ( Figure 6C ) is likely to be due to both the dissociation of FKBP12n6\calcineurin from the RyR [6, [11] [12] [13] [37] [38] [39] and the inhibition of the phosphatase activity of calcineurin. Furthermore, deltamethrin and CsA which could not dissociate FKBP12\calcineurin from the RyR evoked Ca# + oscillations effectively ( Figures 6A and 6B ), suggesting that calcineurinmediated dephosphorylation is involved in the regulation of the RyR\Ca# + -release channel activity. Addition of CsA ( Figure 6E ) or deltamethrin ( Figure 6F ) did not significantly affect rapamycin-induced Ca# + oscillations. Therefore, it is likely that calcineurin associated with the RyR, but not the unbound calcineurin, could regulate the Ca# + -release channel activities.
In mammalian heart, Ca# + release from the SR is triggered by Ca# + influx via L-type Ca# + channels of the sarcolemma [40] . A signalling system with such a substantial amplification of the initial trigger exhibits some spontaneous activity of the cardio-myocytes [27, 41] . This tendency for spontaneous activity may result from the direct influx of Ca# + through L-type Ca# + channels and\or occasional openings of SR Ca# + -release channels even under resting condition [42] . In our study, the neonatal cardiomyocytes cultured in the presence of normal concentrations of Ca# + (1-2 mM), showed spontaneously active cells [40, 41] with substantial Ca# + oscillations, as shown in Figure 7 . The further increase in the frequency of Ca# + oscillations induced by CsA ( Figure 7A ) and FK506 ( Figure 7B ) is likely to be coupled to the increased tendency of the Ca# + -release channel. This result is consistent with the increased contractility of cardiomyoctes by CsA or FK506 [43, 44] . Taken together, these data suggest that inhibition of the endogenous phosphatase activity of calcineurin by calcineurin inhibitors leads to a higher probability of Ca# + -release channel openings.
The processes of protein phosphorylation and dephosphorylation are essential for regulating various cellular functions. Evidence has suggested that activities of the cardiac RyR are increased by both cAMP and Ca# + \calmodulin-dependent phosphorylation of the RyR [45] [46] [47] . From the available evidence, it is tempting to hypothesize that the increased intracellular Ca# + -release from the SR could activate endogenous calcineurin and its association with the RyR followed by the termination of the Ca# + -release process. This dephosphorylation-dependent regulatory process could operate to maintain the Ca# + homoeostasis in i o.
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